Unfiued cryostat sections of rat liver were incubated to demonstrate D-amino acid oxidase activity at the ultrastructural level. Incubation was performed by mounting the sections on a semipermeable membrane which was stretched over a gelled incubation medium containing D-proline as substrate and cerium ions as capture reagent for hydrogen peroxide. After an incubation period of 30 min, ultrastructural morphology was retained to such an extent that the final reaction product could be localized in peroxisdmes, whereas the crystalline core remained unstained. Control incubatiom were performed in the absence of substrate; the lack of final reac-
Introduction
In light microscopic enzyme histochemistry it is well established that optimal enzyme activity is detected only when unfixed cryostat sections are used. Leakage of proteins from the section into the incubation medium can be prevented by adding polyvinyl alcohol to the incubation medium (2, 20) or by interposing a semipermeable membrane between section and gelled incubation medium (7,10,12,13).
During the last decade reliable methods were developed to detect enzyme activity at the light microscopic level in unfixed material (for recent reviews see 17,19). It would be a great improvement if these methods could be used for electron microscopic studies as well, but it is generally assumed that primary fixation, entailing considerable loss of activity of most enzymes (4-6,9), is a prerequisite for ultrastructural studies. Nevertheless, Altman and Barmett (1) performed an ultrastructural study to demonstrate succinate dehydrogenase activity in unfixed cryostat sections of liver and skeletal muscle. After incubation in a polyvinyl alcohol-containing tion product in peroxisomes indicated the specificity of the reaction. We conclude that the semipermeable membrane technique opens new perspectives for localization of enzyme activities at the ultrastructural level without prior tissue fixation, thus enabling localization of the activity of soluble andlor labile enzymes. (J Histochem Cytochem 40:1975 -1979 , 1992 KEY WORDS: Unfixed cryostat sections; Electron microscopy; Cytochemistry: Semipermeable membrane; D-amino acid oxidase; Peroxisomes; Liver; Rat. medium, rather good morphology appeared to be retained and final reaction product was localized at mitochondrial membranes. Since then this method has been employed only by Von Bulow and Hayer (22) , who obtained satisfactory preservation of ultrastructure in non-incubated, unfixed cryostat sections of rat cardiac muscle, ovary, and liver. In previous investigations, one of us introduced the semipermeable membrane technique for electron microscopic studies of unfixed cryostat sections. The ultrastructure of nonincubated, unfixed cryostat sections of rat liver was found to be rather well preserved (11). The present study was undertaken to investigate the possible use of this technique in enzyme histochemical incubations.
By use of the semipermeable membrane technique with D-proline as substrate and cerium ions as capture reagent for hydrogen peroxide, D-amino acid oxidase activity was demonstrated in unfixed cryostat sections at the light microscopical level (8, 14) . Here we report data on localization of the activity of this enzyme in unfixed cryostat sections of rat liver at the electron microscopic level with the same histochemical technique.
Materials and Methods
Male Wistar rats, weighing 200-250 g, were sacrificed by decapitation under ether anesthesia. Livers were removed and cut into pieces of about (Figure 1 ). In prepamtion for use. the semipermeable membrana were boiled in 1% E M A in distilled water for 1 hr. rinsed thoroughly in distilled water. boiled for 1 hr in distilled water. rinsed in distilled water, and then stored in 96% alcohol. Immediately bdore use the membrana were rinsed in distilled water again and spanned mr a peapex ring (inner diameter 24 mm. height 22 mm). thus forming an incubation vcsscl of about 10 cm3. The membnna were dried mmight at room temperature. The incubation medium was prepared by dissolving 1.1% agar (Noble grade: Difco Lboratoria. Detroit, MI) in 0.3 M Tris-maleate buffer. pH 7.8. at 60'C. Final concentrations of the other constituents were 30 mM cerium chloride (MI,) (Merck; Dumnadt, Germany). 100 mM sodium vide (NaN3)(Merck). and 20 mM D-proline (Jvlxn Chimia: Becrse. Belgium). T h e compounds were added from concentrated stock solutions in strict order. The cerium chloride stock solution was heated to 60'C in advance to avoid cerium precipitation during preparation of the medium.
Tiuo cm3 of complete medium was poured into incubation vesxls and allowed to solidify at m m temperature. For incubation. smions were m o u n d on top of the gelled medium with the semipermeable membrane in bew e n . Before mounting the sections. the surface of the membrane has to be dried with filter paper.
Sectjons were incubated with complete medium. as well as with medium lacking the substrate D-proline. for 30 min at 37'C. Sections mounted on membranes without underlying incubation medium were f m d immedi-ately and served as controls for assessment of ultnnrucrunl morphology.
After incubation, the gelled incubation medium was removed with a spatula. Membrane parts with adhering cryostat sections were cut out and fued immediately in a mixture of 1% glutddehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer. pH 7.4. for 1 hr at room temperature. Subsequently. they were rinsed overnight in the same buffer at 4%. Postfuation was performed in 1% os04 in 0.1 M sodium cacodylate buffer. pH 7.4. for 1 hr. at 4'C. Dehydration and embedding in epoxy min LX 112 were accomplished according to routine procedures.
Semi-thin sections were cut along the surface of the embedded cryostat section and stained with Toluidine Blue. Ultra-thin sectioning was started when the last semi-thin section s h m d an a m with at levt 10weIl-pmrvcd cells. Ultra-thin xctionswere studied either unstained or stained with uranyl acetate and lead citrate.
ReSUltS
The ultrastructure ofhepatocytes in cryostat sections that were not incubated but fiied immediately after they had been picked up on the semipermeable membrane was well preserved and was close to the ultrastructure of hepatocytes in tissue that was f i e d directly after the liver had been taken out (Figure 2 ). Sections incubated with medium without substrate showcd a rather variable hepatocyte ultrastructure (Figure 3a) . Cell structures were less wcll p m e d than in non-incubated sections but were usually still recognizable.
Mitochondria varied from electron-dense round to oval organelles, with well-preserved cristae, to electron-lucent structures showing a less well-organized pattem of cristae. The rough endoplasmic reticulum appatrntly had lost many ribosomes. leading to membrane structures of irregular course amid a multitude of free ribosomes. In many places in the cytoplasm staclrs o f m e m b m a without attached ribosomes were found. In the nucleus. an irregular mass of chromatin-like material was found in the center. while the nuclear periphery was electron lucent. Lysosomes. peroxisomes, and glycogen granules were similar to those in non-incubated sections. In sections incubated without substrate. none of the cytoplasmic organelles contained electron-dense precipitate.
After incubation with substrate-containing medium to demonstrate D-amino acid oxidase activity, an electron-dense precipitate was found in organelles of 0.4-0.8-pm diameter (Figure 3b ). Frequently in these organelles a core was found that was free from precipitate. Many of these apparent peroxisomes had an irregular outline, which was not found in non-incubated sections. In general.
the ultrastructure of sections incubated with substrate-containing medium was less well preserved as compared with sections which were incubated without D-proline in the medium. In particular. membranes were less well delineated in sections incubated with substrate-containing medium. 
Discussion
In enzyme histochemistry one is confronted with considerable differences between light microscopic and electron microscopic methods. In light microscopy, unfixed cryostat sections are used as a rule to retain optimal enzyme activity. In electron microscopy, fixation is usually regarded as necessary for preservation of ultrastructure, but this leads to a considerable loss of activity of most enzymes.
In the present study we have shown that the gap between light and electron microscopic enzyme histochemistry can be narrowed. Cryostat sections which had been fixed after incubation for D-amino acid oxidase activity by the Semipermeable membrane technique were studied in the electron microscope and showed reaction product exclusively localized in peroxisomes. This is in agreement with findings of Veenhuis and Wendelaar Bonga (21), Stefanini et al. (16) and Angermuller and Fahimi (3), who used the cerium technique to demonstrate amino acid oxidase activity at the ultrastructural level in fixed rat liver tissue. However, in their studies much longer incubation times were needed, which might point to enzyme inactivation by fixation and/or to slow penetration of cerium ions. Only Veenhuis and Wendelaar Bonga (21) also used unfixed material, but they were confronted with unsatisfactory tissue preservation, probably due to an incubation period for tissue blocks of 1-2 hr after a pre-incubation of 1 hr. In our study the incubation period for unfixed cryostat sections was restricted to 30 min without any pre-incubation, during which period an easily detectable amount of reaction product was formed while an acceptable ultrastructure was retained. Preliminary data indicate that even shorter incubation periods may be sufficient.
Within the peroxisomes, D-amino acid oxidase activity was restricted to the matrix compartment. Enzyme cytochemical data from the herature are not equimd i n this respect (3,16,21) . In i"un0cytochemical studies the enzyme has been localized in the matrix (15,18). According to Usuda et al. (18) , it occupies a special matrix compartment in which other matrix enzymes are absent. We did not detect such a specialized area when we demonstrated the activity of the enzyme.
Because freezing of the tissue and manufacturing of cryostat sections were performed according to routine methods without special precautions to prevent freezing damage, there is no doubt that ice crystals are formed during the freezing and thawing steps. However, the well-detailed ultrastructure of the non-incubated sections suggests that the damage to the tissue from this source is limited. Incubation affects ultrastructure; the loss of membrane contrast after incubation in complete medium as compared to medium without substrate is not well understood but may point to some loss of tissue components. Nevertheless, even after an incubation period of 30 min, the ultrastructure was preserved to such an extent that adequate localization of organelle-bound enzyme activity could be obtained. Further reduction of structural disorganization due to autolysis might be achieved by adaptation of the incubation medium, e.g., by addition of protease inhibitors.
In principle, application of the present technique is not limited to metal salt methods and organelle-bound enzymes as studied in this work. Experiments are in progress to analyze its potential for demonstration of the activity of cytosolic enzymes.
